Introduction
Sulfide-based solid conductors have attracted much attention because they show high ionic conductivity and require much lower sintering temperature than oxide crystals [1] [2] [3] [4] . Extensive efforts have been devoted on exploring new compositions and a lot of superionic conductors such as Li 10 GeP 2 S 12 [5, 6] , Li 7 P 3 S 11 [7, 8] , β-Li 3 PS 4 [9, 10] , Na 3 PS 4 [11] [12] [13] , and Na 3 SbS 4 [14, 15] have been discovered. These solid conductors have ionic conductivities of 0.1-10 mS cm −1 , almost comparable with that of organic liquid electrolyte used in conventional Li-ion batteries. Furthermore, the ionic conductivities of these sulfidebased solid conductors are closely related with their crystal structures [9, 11, [16] [17] [18] . Na 3 PS 4 shows dramatic conductivity difference in tetragonal and cubic structures [11] , and the similar trend happens on γ-phase and β-phase Li 3 PS 4 [9] . Besides superior conductivity, sulfide- densification by cold pressing [19, 20] . Li 2 S·P 2 S 5 solid electrolyte was reported to show exceed 90% relative density after loading a pressure of 350 MP [20] , in contrast to oxide conductors that require sintering temperature over 1000°C to achieve the same level of densification.
Compared with "hard" oxide crystals, sulfide-based solid conductors are "soft" and this behavior benefits for all-solid-state battery construction. However, the "soft" feature of sulfide solid conductors also raise a concern on their phase durability after cold pressing because pressure is a basic thermodynamic parameter that may cause the phase transition of solid materials. ZnS had been reported to transfer from zincblende (ZB) to rocksalt (RS) structure under pressure [21] , BaS also experienced pressure-induced phase transition from rocksalt structure to cesium chloride structure [22] . Furthermore, it had been compared that sulfides usually need lower pressure to achieve phase transition than oxide conductors. Obvious examples such as Li 2 O and Li 2 S, the former one requires 50 GPa to realize cubic to orthorhombic structure change, while the later one achieves the same phase transition at 12 GPa [23, 24] . Since pressure-induced phase transitions can either be permanent or reversible, in-situ characterization techniques such as XRD and Raman have been employed for many solid-state materials [25] [26] [27] .
Sodium sulfide (Na 3 SbS 4 ), a recent discovered solid conductor that shows excellent ionic conductivity of 1 mS cm −1 [28, 29] and impressive chemical stability in ambient environment. This material recently has attracted much research interests [30, 31] , and is considered to be a strong solid electrolyte candidate. We previously reported that Na 3 SbS 4 shows tetragonal phase at room temperature and transfer to cubic structure at elevated temperature (120-150°C) [28] . Since the structural stability under pressure is important to achieve a reliable performance, we here integrated ab-initio molecular dynamics (MD) simulation and in-situ experiments, including synchrotron X-ray diffraction (XRD), Raman and electrochemical impedance spectroscopy (EIS) to study the pressure effects on structural evolution and conductivity change of Na 3 SbS 4 . Theoretical calculation predicts that no phase transition happens to Na 3 SbS 4 up to 10 GPa. Synchrotron XRD results confirm that Na 3 SbS 4 keeps stable tetragonal structure but shows anisotropic compressibility along different directions. After pressure release, the ionic conductivity of Na 3 SbS 4 increases to 1.6 mScm −1 due to the dramatic decrease of grain boundary resistance.
Experiments and methodology

Theoretical calculation method
The overall computational calculations in this study was mainly carried out employing the density functional theory (DFT) [32, 33] framework, as implemented in the Vienna Ab-initio Simulation Package (VASP) [34] and performed for the structure optimization, phase transition process under pressures, energy barrier and diffusion. The electron-ion interactions were described by the Projector Augmented Wave (PAW) [35] , while electron exchange-correlation interactions were treated by the generalized gradient approximation (GGA) [36] in the scheme of Perdew Burke Ernzerhof (PBE) [37] . The structural relaxation was performed using Congregate-Gradient algorithm [38] implemented in VASP. The micro-canonical ensemble was used in the MD simulation and all the atoms in the unit cell are allowed to move freely during the simulations. An energy cutoff was set to be 280 eV for the plane wave basis in all calculations, and the criteria for the convergences of energy and force in relaxation processes were set to be 10 −5 eV and 10 −4 eV/Å, respectively. A 1 × 1 × 1 cubic/tetragonal primitive cell was chosen and the Brillouin zones (BZ) were sampled by 10 × 10 × 10 k-point meshes generated in accordance with the Monkhorst-Pack scheme [39] in all calculations. Molecular dynamics (MD) simulation for compression was performed by introducing various strain in the tetragonal and cubic structures of Na 3 SbS 4 .
Materials synthesis
Na 3 SbS 4 sample was synthesized following our previous work [28] . Sodium thioantimonysulfide nanohydrate (Na 3 SbS 4 ·9H 2 O) was heated step by step to 150°C under vacuum and hold for 1 h. The hydrate water was removed to produce pure Na 3 SbS 4 .
In-situ structural characterizations under pressure
The in-situ high-pressure angle-dispersive X-ray diffraction (ADXD) and Raman experiments were carried out at High-Pressure Collaborative Access Team (HPCAT) at the Advanced Phonon Source (APS), Argonne National Laboratory (ANL). We employed a symmetrical diamond anvil cell (DAC) to generate high pressure for synchronic XRD and Raman in this research ( Figure S1 ). Na 3 SbS 4 sample and two small ruby balls were loaded into the sample chamber with gaskets for sealing. Neon was used as the pressure-transmitting medium, and the pressures were determined by the ruby fluorescence method. For ADXD experiment, a focused monochromatic X-ray beam about 5 μm in diameter (FWHM) with a wavelength of 0.4066 Å was used for the diffraction experiments. The diffraction data were recorded by a MAR345 image plate, and then the two-dimensional (2D) images were integrated to one-dimensional (1D) patterns with the Fit2D program. High-pressure Raman spectra were measured by a Raman spectrometer with a 532.1 nm excitation laser at HPCAT.
Conductivity measurement under pressure
Electrochemical impedance spectra (EIS) measurements were conducted for Na 3 SbS 4 solid electrolyte within a home-designed die set using a high-resolution electrochemical potentistate (Biologic SP200). The frequency is between 5 MHz and 1 Hz at the amplitude 100 mV Na 3 SbS 4 sample was loaded in the home-designed die (with Al/C as blocking electrode on each side) with hydrolytic press to load pressure. The Nyquist plot shows a typical semicircle at a higher-frequency region that represents the bulk and grain boundary resistance of the electrolyte, and a spike at a lower-frequency region that represents the diffusion due to the blocking electrode. The resistance (R) intercept of the semicircle at the axis of Z' (Ω) was employed to determine the total ionic conductivity (σ) by the equation
, where A is the cross-area and L is the thickness of pellets.
Results and discussion
Theoretical simulation
Na 3 SbS 4 is known to possess two crystal structures [15, 28] : one is body-centered tetragonal structure with space group of P421C, and the other one is body-centered cubic structure with space group of I43 m ( Fig. 1A and B) . In tetragonal Na 3 SbS 4 framework, there are two main sites for Na atoms with Zigzag alignment, Na(1) in a NaS 6 distorted octahedron and Na(2) in a NaS 8 dodecahedron. The coordinates of three elements in two different structures are listed in Table S1 in terms of Wyckoff notation. The optimized lattice constants are a = 7.2214 Å and c = 7.3529 Å for the tetragonal phase, and a = 7.228 Å for cubic phase, which are close to experimental values [15] . To determine more stable structure (tetragonal or cubic) under pressure, the cohesive energy per atom (defined as
atom ) was calculated for both structures at different pressure (compression). At zero pressure, the tetragonal phase (−3.719 eV/atom and 380.02 Å 3 ) has 5 meV lower on cohesive energy per atom than that in cubic phase (−3.714 eV/atom and 377.68 Å 3 ), in good consistent with the experiment observation that the tetragonal phase is more stable structure compared to the cubic at ambient pressure. Fig. 1C compares the cohesive energies of tetragonal structure and cubic structure at different levels of compression (with different unit cell volumes). This comparison indicates that tetragonal structure of Na 3 SbS 4 is more stable under pressure up to 10 GPa. It is possible to observe both tetragonal and cubic structures co-exist at even higher pressure. In addition, molecular dynamics (MD) simulation was performed by introducing various strain in the Na 3 SbS 4 framework (Fig. 1D-F) , which clearly show tetragonal behavior of zigzag aligned Na (1) and Na(2).
In-situ experiments on structural evolution under pressure
Although the temperature dependence of Na 3 SbS 4 phase transition was previously reported [28] , the in-situ structural evolution of Na 3 SbS 4 under pressure was first investigated in this work through XRD and Raman. For the in-situ XRD, Na 3 SbS 4 powder was loaded in a symmetrical DAC with ruby as the pressure-transmitting medium for highpressure study. Fig. 2A shows the synchrotron XRD data and the refinement results, reflecting structure evolution of Na 3 SbS 4 framework during compression. All XRD peaks of the Na 3 SbS 4 sample can be assigned to the tetragonal phase, in which the characteristic diffraction peaks at 2θ = 4.6°, 7.9°, 9.2°,12.1°, correspond to planes of (110), (211), (220) and (321), respectively. This observation is consistent with the theoretical calculation results. With an increase of pressure, diffraction peaks start to shift to larger 2θ values and the peak widths broadened gradually, which becomes more obvious when pressure is increased above 1.3 GPa due to the compression. From the refinements of XRD data that collect at different pressures, we plotted the unit cell volume versus pressure (P-V) curve (Fig. 2B ) and the variation of lattice constant (a and c/a) of Na 3 SbS 4 pressure (Fig. 2C) . The a was found to decrease linear with pressure loading, and the c/a trends to increase from 1.018 at ambient pressure to 1.04 as pressure loaded at 2.0 GPa. The increased c/a ratio suggests that loading pressure increases the tetragonal distortion of Na 3 SbS 4 framework, also further supports the theoretical calculation that tetragonal phase is more stable at high pressure than cubic. The variation of lattice constant (Fig. 2C and D) indicates the anisotropic compressibility along different directions. The a was found to be more compressible than the c axis, which is the main contribution to the volume shrinkages.
In order to further characterize the pressure-induced local structure evolution, we collected Raman spectra of Na 3 SbS 4 during compression-decompression cycles (Fig. 3A and B) . At ambient pressure, Na 3 SbS 4 shows strong characteristic peaks located at 410, 389 and 368 cm −1 , corresponding to asymmetric and symmetric stretching vibration of the SbS 4 group [40] , respectively. When pressure is loaded, all the Raman peaks show a blue shift without the observation of new peaks until to 3.5 GPa (Fig. 3C) , and then red shift back after releasing pressure (Fig. 3D) . Raman spectra results also confirm that Na 3 SbS 4 keeps the tetragonal phase stable under pressure, which is in good agreement with the XRD data and theoretical calculation. This finding indicates that the phase transition of Na 3 SbS 4 is not sensitive to pressure, which is beneficial for this solid electrolyte to keep stable performance in practical applications.
Pressure effect on ionic conductivity
The ionic conductivity of Na 3 SbS 4 as a function of pressure was investigated by measuring electrochemical impedance spectra (EIS). Fig. 4A shows the relationship between the loading pressure and the ionic conductivity of Na 3 SbS 4 solid electrolyte during the first cycle of compression and decompression process. When pressure is loaded on Na 3 SbS 4 , its conductivity rises quickly to 0.7 mS cm −1 at 0.4 GPa, then increases gradually to 1 mS cm −1 at 0.9 GPa and tends to be constant beyond. This behavior is similar with previous report on Li 2 S-P 2 S 5 glass solid electrolyte under pressure [20] . The Nyquist plots of Na 3 SbS 4 under different pressure during compression and decompression process are shown in Fig. 4B . The typical impedance plot exhibits a semicircular region at higher frequencies and a spike at lower frequencies, corresponding to the bulk/grain boundary resistance and diffusion resistance from blocking electrode. The impedance plots are fitted by Zfit to determine the bulk resistance (R s ) and grain boundary resistance (R gb ) as a function of pressure. During the 1st compression process (Fig. 4C) , in addition to the obvious drop of grain boundary resistance, the bulk resistance also slightly decreases. Meanwhile, Na 3 SbS 4 solid conductor is observed to densification as pressure loading ( Figure S2 ) and the density increases to 2.72 g/cm 3 (about 98% of relative density) at 1 GPa. After pressure is unloaded, the ionic conductivity of Na 3 SbS 4 continues to increase, which is contributed by the decrease of grain boundary resistance. When pressure is drop down to 0.1 GPa, the ionic conductivity of Na 3 SbS 4 rises to 1.6 mScm −1 . The compression-decompression process was repeated for the second cycle (Fig. 4D ) and the third cycle after few hours ( Figure S3 ). Both cycles show similar trend, in which loading pressure results in the conductivity decreases while releasing pressure leads to the increase of ionic conductivity. For the 2nd and 3rd rounds of compression/decompression ( Fig. 4E and F) , the pressure dependence of ionic conductivities for Na 3 SbS 4 is originated from the change of grain boundary resistance in contract to the constant bulk resistance. There is almost no density change in the 2nd cycle of compression ( Figure S2 ). After the pressure was released to 0.1 GPa, the impedance spectra were collected after holding different time ( Figure  S4 ). The ionic conductivity was found to be stable at around 1.6 mScm
, no obvious further change was observed after 24 h. The observation of increased ionic conductivity for Na 3 SbS 4 is considered to relate with pressure treatment. Pressure had been previously reported to enhance both chemical and physical properties of materials [41] [42] [43] [44] , but mostly resulted from phase transition. For example, black phosphorous (BP), the product of white phosphorous under high pressure, was reported to show a graphite-like layer structure and had attracted great attention as an anode material for Li-ion batteries [41] . In some cases, even the phase transitions are reversible after decompression, the pressure-driven improved material properties are still kept. It was reported that pressure-treated TiO 2 showed a significant enhancement in the electron transport properties compared with the pristine sample [42] . However, the pressure-induced conductivity increase of Na 3 SbS 4 is a different case, because there is no phase transition observed when pressure is loaded. Both in-situ synchrotron XRD (Fig. 2) and Raman (Fig. 3) results clearly confirmed that Na 3 SbS 4 keeps tetragonal phase stable during compression and decompression. In fact, the electrochemical impedance analysis (Fig. 4C, E and F) reveals that the improved conductivity of Na 3 SbS 4 is resulted from the decrease of grain resistance after pressure treatment instead of bulk resistance. That observation is similar with high pressure-treated yttrium-doped SrZrO 3 [45] , in which ions diffusion become easier through the boundaries. This intriguing phenomenon can be beneficial for the development of pressure as an effective tool to improve the ionic conductivities of solid electrolytes, but need further systematically investigation.
Conclusion
In conclusion, we have studied the structural stability and ionic conductivity of Na 3 SbS 4 under pressure. MD simulation predicted that tetragonal structure of Na 3 SbS 4 is more stable than cubic structure under pressure, which is further confirmed by in-situ XRD and Raman results. Na 3 SbS 4 tetragonal structure shows anisotropic compressibility along a and c directions, with a axis is more compressible and increased tetragonal distortion in framework. The ionic conductivity of Na 3 SbS 4 increases as pressure loading, mainly attribute to the decrease of grain boundary resistance. Interestingly, the conductivity further increases during decompression as result of the decrease of both bulk resistance and grain boundary resistance. This work demonstrates that pressure could be an effective tool to treat sulfide-based solid electrolytes to further increase their ionic conductivities.
